To determine the impact of between limb asymmetries in hop performance on change of direction speed (CODS). Design and Methods: Twenty-two multisport collegiate athletes (mean ± SD; age: 21.8 ± 3.4 years, height: 178.1 ± 6.7 cm, mass:
INTRODUCTION
A strength discrepancy of ≥ 10-15% between sides is considered to represent a potentially problematic asymmetry. 1 Greater limb asymmetries are suggested to place an athlete at an increased risk of injury, [2] [3] [4] conversely researchers have refuted this connection between strength asymmetries and injury 5, 6 . Furthermore, contradictory findings have been reported with investigations revealing a negative impact on athletic performance, [7] [8] [9] whereas no negative effect on athletic performance has also been demonstrated [9] [10] [11] . Between limb asymmetries are commonly assessed via isokinetic dynamometry, 4, 5, 12 unilateral jump tasks, 7, 13, 14 and the unilateral isometric mid-thigh pull 15 . However, the abovementioned assessments require expensive equipment which are not readily available to strength and conditioning and rehabilitation practitioners and involve extensive periods of time to collect and analyse data. Alternatively, single leg hops for distance (SLH) are easier to administer and are cost effective, producing highly reliable measures of lower limb triple extension function, [16] [17] [18] while able to detect asymmetries 12, 17 . Furthermore, this assessment can be used in the field as an indirect measure of unilateral lower body horizontal power, force propulsion and acceptance, which can be used to provide rehabilitation and training information. 19 The ability to change direction is a key component of multidirectional sports and is influenced by technical, speed and lower limb strength and power qualities. 8, 20 Imbalances between limbs has been stated to be a component of CODS. 21 Theoretically, being equally proficient in force production would be advantageous for the braking and propulsive requirements of change of direction speed (CODS), however it is inconclusive whether strength asymmetries negatively impact CODS. Previous studies have shown imbalances in unilateral vertical drop jump height and reactive strength, 7, 8 and eccentric hamstring torque 9 were associated with slower CODS. Conversely, no detrimental impact in CODS was reported for imbalances in unilateral vertical jump power, 11 while faster CODS athletes demonstrated significantly greater imbalances in knee extensor torque 9 . The lack of consensus may be explained by differences in the methods to assess imbalances, CODS tasks, angle of direction change, asymmetry calculation, statistical analysis procedures and subject populations.
Strong inverse relationships have been observed between SLH and triple hops for distance (SLTH) with CODS 10, 18, 22 attributed to the similarities in the force vector and push off mechanism 16 . Conversely, there is a paucity of research investigating the influence of between limb asymmetries from horizontal hops for distance on CODS. To our knowledge only one study has investigated the influence of between limb asymmetries in unilateral hops and jumps for distance on CODS, demonstrating no detrimental effect on CODS. 10 Further evidence is required to improve our understanding regarding the effect of between limb asymmetries on CODS using assessments that are readily available to practitioners in the sporting field. Moreover, it remains unclear whether athletes with lower limbs asymmetries in horizontal hop performance also demonstrate superior performance from that same limb (push off limb) during turning and cutting tasks.
The aims of this study were to: 1) compare SLH and SLTH between right and left, and dominant (D) and non-dominant (ND) limbs, and to determine if significant differences and imbalances were present between limbs in collegiate multisport athletes. 2) explore the relationship between the size of imbalances in SLH and SLTH distances and CODS. 3) determine if collegiate athletes exhibit directional dominance during CODS and 4) investigate if athletes with hop asymmetries perform faster from that push off limb during CODS. It was hypothesised that no significant differences would be found between comparisons of right and left limbs for SLH and SLTH and CODS directions; however, significant differences would be found when comparing D to ND. It was additionally hypothesised that greater asymmetries in hop distance would result in slower CODS performance.
METHODS

Experimental Approach to the problem
This study compared SLH and SLTH between right and left, and D and ND limbs and examined the relationship of between limb asymmetries in hop distance with modified 505 (mod505) and 8 m 90˚ cut CODS performance. A cross-sectional analysis of collegiate team sport athletes was conducted; Pearson's correlation analysis was performed to determine if significant relationships were present for hop distance imbalances with CODS, similar to previous research. 7, 10 Paired sample t-tests compared left and right limbs and D and ND for SLH, SLTH and CODS to determine if any between limb differences were present, similar to previous imbalance research. 12, 23 Percentage agreements between like for like classifications were performed to determine if asymmetrical limbs corresponded to directional dominance during the mod505 and 90˚ cut.
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Subjects
Twenty-two male collegiate team sport athletes (soccer n = 10, rugby n = 6 and cricket n = 6) participated in this study (mean ± SD; age: 21.8 ± 3.4 years, height: 178.1 ± 6.7 cm, mass: 73.5 ± 7.1 kg). All subjects were right hand D (throwing), and 20 were right leg D (kicking). A minimum sample size of 19 subjects was determined from an a priori power analysis using G*Power (Version 3.1, University of Dusseldorf, Germany) 25 based upon squared multiple correlation of 0.36 (value of maximum prediction coefficient reported in literature for similar studies 7 ), a power of 0.8 and type 1 error or alpha level of < 0.05. All subjects had a minimum one-year resistance training experience and were free from lower limb injuries six months prior to testing. All subjects were instructed to wear appropriate clothing and footwear, not have consumed alcohol 24 hours or caffeine two hours prior to testing, to maintain their normal diet and refrain from training 48 hours prior to the testing session. Approval for the study was provided by the University's ethics committee and all subjects provided written consent.
Procedures
Testing was conducted over one session, and all subjects were familiarised with all assessments due to being regularly performed throughout the season for screening and monitoring purposes. All subjects performed a standardised progressive warm up directed by the investigator which included five minutes of non-fatiguing dynamic stretches, activation and mobilisation exercises including body weight squats and lunges before progressing to 10 minutes jogging, bounding, skipping, light runs and sprints.
Hop Testing
The SLH and SLTH tests were used as a measure of horizontal jump performance and performed in accordance to previous research. 12, 17 Three warm-up trials were performed on each leg, for both hop tests to control for learning effects. 17 All hops were performed with hands akimbo to isolate the contribution from the lower limb. 16 SLH required subjects to perform a countermovement, then hopped as far forward as possible, taking off from one leg, before landing on the same leg. SLTH involved subjects performing three consecutive maximal hops on the same limb and sticking the landing after the final hop. If the subject did not stick the landing for at least two seconds, or if the subject removed their hands from their waist, the trial was disregarded and another was attempted after one minute of rest. 17 The distance was measured to the nearest 0.01 m using a standard tape measure, perpendicular from the front of the start line to the posterior aspect of the heel at landing. Three maximal trials were recorded on each leg for both tests alternating between right and left limbs, with one minute of rest between trials. The best performance of each leg from each hop test was used for further analysis.
Change of Direction Speed Assessments
All subjects received 10 minutes' rest between hop and CODS tests. CODS were assessed by a mod505 and a 90˚ cutting task; all performed on an indoor track (Mondo, SportsFlex, 10 mm; Mondo America Inc., Mondo, Summit, NJ, USA). Completion time was measured using Brower timing gates (Draper, UT, USA) placed approximately at hip height for all athletes. All subjects performed six trials for each COD task in an alternating order; three changing direction with a left foot plant, and three changing direction with a right foot plant interspersed with two minutes' rest between trials. Subjects were allowed three practice attempts to familiarise themselves with the movement patterns required.
Mod505 testing involved sprinting to a line marked 5 m from the start (starting 0.3 m behind the start line), planting their left or right foot on the line, turn 180˚ and sprinting back 5 m through the finish as fast as possible. 26 Similarly, the 90˚ cutting task involved sprinting forwards 5 m and performing a 90˚ cut left or right, and exiting 3 m through the finish where timing gates were also placed. If the subject changed direction before hitting the turning line, or changed direction off the incorrect foot, the trial was disregarded and the subject com-pleted another trial after the rest period. The fastest completion time for each limb and task was used for further analysis.
Asymmetry Index
Asymmetry index (imbalance between right and left limbs) was calculated by the formulae (right leg -left leg/ right leg × 100) for hops and CODS performance. 27 Limb dominance was defined as the limb that produced the furthest hop or faster CODS performance. 12, 23 Asymmetry index for D and ND limbs was calculated by the formulae (dominant leg -non dominant leg/ dominant leg × 100) for hops and CODS performance.
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Statistical Analyses
Mean ± SD were calculated for all variables. Normality was confirmed for all variables using a Shapiro Wilks-test. Withinsession reliability was assessed via intraclass correlation coefficients (ICC), 95% confidence intervals (CI) and coefficient of variation (CV) calculated as SD/mean × 100. Minimum acceptable reliability was determined with an ICC > 0.7 and CV < 10%. 28 Magnitude of differences between limbs were assessed with paired sample t-tests and effect sizes calculated using Hedges' g method 29 and interpreted using Hopkins' scale. 30 Relationships between CODS completion time and D-ND imbalances were analysed using Pearson's productmoment correlation and were Bonferonni corrected to reduce likelihood of type 1 error. Correlations were evaluated using Hopkins' scale. 31 The criterion for significance was set at p ≤ 0.05. All statistical analyses were performed using SPSS (version 23, IBM, New York, NY, USA).
To assess the agreement between the D limb for hops and D CODS performance, asymmetry thresholds for each hop parameter were established as mean imbalance + (0.2 SD of the mean) and mean imbalance -(0.2 SD of the mean) for CODS imbalance. 10 Subjects with imbalances which exceeded the threshold were classified as asymmetrical, imbalances below the threshold were subsequently classified as balanced. The overall level of agreement between like for like asymmetries (or balanced) for CODS and hops were calculated by counting the frequency and percentage of like for like identifications of asymmetry (i.e., either both asymmetrical or both balanced) using the equation (frequency of like for like diagnoses/ number of subjects) × 100. 24 Percentage agreements ≥ 80% were considered good. Agreement between like for like identifications (including asymmetrical or balanced) are presented in Table 3 along with frequency of asymmetry classification. Low agreements were observed between hop and CODS asymmetry (41-55%). In addition, poor agreement was demonstrated between mod505 and cutting like for like identification asymmetry (32%). Eight and nine subjects demonstrated imbalances greater than asymmetry thresholds -2.74 and -4.93% for mod505 and 90˚ cut performance, respectively ( were classified as asymmetrical (SLH) with an imbalance exceeding 7.25% (Table 3 ; Figure 1 ), however only two of those subjects demonstrated directional dominance from that same limb for mod505 performance; and only one subject corresponded to faster performance for cutting ( Figure 1) . Similarly, 10 subjects were classified as asymmetrical in SLTH, but only three subjects demonstrated asymmetries which corresponded to the directional dominance for mod505, and two subjects corresponded to cutting performance (Table  3 ; Figure 1 ).
RESULTS
High
DISCUSSION
The aims of this study were to determine if there were between limb asymmetries in hopping and CODS, and to explore if greater between limb asymmetries were detrimental to CODS. The main findings were trivial non-significant differences were observed for SLH and SLTH between left and right limbs (Table 1) , however small significant differences were revealed between D and ND limbs (Table 1 ). In addition, directional dominance was also observed for CODS performance (Table 1) ; in agreement with our hypotheses. Contrary to our hypotheses, the size of imbalance had no detrimental impact on CODS, with no significant associations observed between hop imbalances and CODS (Table 2) . Furthermore, hop imbalances were not significantly related to imbalances in CODS indicating that collegiate athletes who display greater hop asymmetries do not display greater CODS asymmetries (Table 2 & 3; Figure 1) ; in contrast to our hypotheses. Similarly, there was poor agreements of like for like identifications of asymmetry between hop performance and CODS, suggesting asymmetries in hopping do not necessarily correspond to a directional dominance during 180˚ turns and 90˚ cuts (Table 3; Figure 1 ).
The present study revealed trivial non-significant differences right and left limbs in hop performance, however small significant differences were found between D and ND limbs (Table  1) , consistent with previous research in university, 12 netball, 13 and softball athletes 27 . Interestingly, the D hopping limb did not always correspond to throwing hand or kicking leg dominance as illustrated in Figures 1; similar to corroborative research. 12 This could be due to specific sporting demands which may result in imbalances between limbs, such as the support limb during kicking a football or decelerating limb during a batting stroke and cricket bowl. 27, 32 Contrary to expectations, hop imbalances had no detrimental impact on turning and cutting performance (Table 2) which supports the only other study to investigate the impact of between limb asymmetries in unilateral hops on CODS perfor- mance reporting no effect. 10 This outcome is in contrast to previous research which has shown imbalances in unilateral drop jump height and reactive strength associated with slower cutting performance. 7, 8 Conversely, no detrimental effect of imbalances in unilateral vertical jump power between D and ND limbs for a three cone CODS task was revealed. 11 While, mixed results have been reported, with faster athletes demonstrating significantly greater imbalances in knee extensor torque (240˚) but lower imbalances in eccentric knee flexor torque (30˚) compared to slower athletes. 9 The lack of consensus regarding the impact of imbalances on CODS could be attributed to differences in the methods to assess imbalance, CODS tasks, angle of direction change, asymmetry calculation, statistical analysis procedures and athlete populations.
Directional dominance was observed in the present study (Table 1) , similar to corroborative research. 8, 23 Notably, eight and nine subjects demonstrated imbalances greater than asymmetry thresholds -2.74 and -4.93% for mod505 and 90˚ cut performance, respectively (Table 3) . Surprisingly, athletes with greater asymmetries in hopping performance did not exhibit greater imbalances between directions for both mod505 and 90˚ cutting CODS tasks (Table 2; Figure 1 ). Moreover, low percentage agreements were observed between like for like identifications of hop and CODS performance suggesting that a D limb in hopping does not necessarily correspond to faster performance from that push off limb during cutting and pivot CODS tasks (Table 3, Figure 1 ). This discrepancy may be attributed to the subtle differences in the orientation of force application suggesting that an asymmetry in sagittal plane force application (hop distance) may not equate to asymmetry in frontal plane force application (cutting), thus supporting the notion that asymmetries are task specific. 12 Furthermore, CODS is constituted by multifactorial variables such as technique for deceleration or re-acceleration (i.e., foot placement, adjustment of strides, body lean and posture), straight sprint speed and lower limb strength and power qualities. 8, 20 Thus CODS performance in the present study may involve the multifaceted influence other than limbs asymmetries in hopping, such as asymmetries in eccentric strength, 9 lower limb stiffness 7 or reactive strength 8 .
Specifically, eight subjects were classified as asymmetrical (SLH) with an imbalance exceeding 7.25% (Table 3 ; Figure 1 ), however only two of those subjects demonstrated directional dominance from that same limb for mod505 performance; and only one subject corresponded to faster performance for cutting (Figure 1) . Similarly, 10 subjects were classified as asymmetrical in SLTH, but only three subjects demonstrated asymmetries which corresponded to the directional dominance for mod505, and two subjects corresponded to cutting performance (Table 3 ; Figure 1 ). Therefore, it can be inferred that a D hopping limb may not necessarily correspond to faster performance from that push off limb during a mod505 and 90˚ cut (Table 3; Figure 1 ). This data refutes the observations of previous work who reported a trend in reactive strength dominance corresponding to faster performance from that limb during cuts (20-60˚). 8 Poor like for like identifications of asymmetry for cutting and pivoting CODS were demonstrated (32%) ( Table 3) , indicating that the push off limb responsible for the superior cutting performance may not necessarily equate to superior turning performance from that same limb, and vice versa. Figures  1 & 2 illustrate the individual variation between directional dominance for cutting and pivoting CODS tasks. This data refutes the preconceived notion that superior performance from one change of direction task transfers to another and supports the concept that the biomechanical demands of change of direction are angle dependant and as such are independent skills. [33] [34] [35] Significant mean differences were observed between D and ND CODS, with greater imbalances observed between cutting directions compared to mod505 directions ( Table 1) . Irrespective of direction, theoretically the time taken to enter the change of direction should be similar between directions thus, the imbalance and deficit in completion time suggests there is a movement deficiency in changing direction to the ND side. Alternatively, bilateral differences in joint-joint coordination on approach and re-acceleration leading to technical differences between sides, along with modifications of approach velocity may explain the longer completion time to the ND direction. Further research is required investigating the kinematic and kinetic differences between directions during 180˚ turning and 90˚ cutting CODS performance.
A ≥ 10-15% imbalance has been stated to represent a problematic asymmetry. 1 The imbalances observed in the present study for mod505 and cutting performance are representative of dynamic tasks (Table 1) , closely related to sporting movements, but fall below the suggested problematic criteria. The imbalances although not exceeding the 10-15% value, could still be interpreted as a deficiency in movement, and potentially problematic in multidirectional sports where it would be advantageous to be equally proficient in changing direction effectively off both limbs due to the unpredictable nature of the sport. Consequently, practitioners are recommended to inspect both directions in CODS testing batteries, firstly to eliminate bias to athletes with directional dominance when examining only one direction; 23 secondly, to identify any imbalances in completion time between sides which could be indicative of a deficiency in change of direction ability to a direction. 23 The results from the present study propose there is a no detrimental impact of asymmetries in hop performance to CODS and athletes with greater asymmetries in hops do not display superior turning and cutting from that D hopping limb. However, with a mixed small sample size and low number of subjects displaying hop imbalances greater than 10-15% suggested problematic criteria (Figures 1), caution must be applied when interpreting these findings. For example, only three and five subjects displayed imbalances which exceeded 10% for SLH and SLTH, respectively, while only two subjects displayed imbalances which exceeded 15% for SLH only (Figures 1) . Thus, the imbalances observed (small) may not have been high enough to elicit detriments in CODS, however the lack of effect of hop asymmetries on CODS is consistent with the only other investigation to explore this. 10 Furthermore, no general consensus exists for an asymmetry threshold cut-off in the literature; the present study used the mean imbalance + (0.2 SD) asymmetry threshold used previously, 10 but greater agreements may be observed with more conservative criteria such as mean + (1 SD) 24 . Another note of caution is the present study only investigated hopping tasks in the sagittal plane with a unilateral landing, although further hop distances may been achieved with a bilateral landing and investigation of a lateral jump could have greater specificity to cutting due to the medio-lateral force requirements of cutting. However, notably no differences in 505 and t-test performance between athletes of higher and lower levels of lateral jump asymmetry were reported. 10 Therefore, the lack of significant correlations between imbalances and CODS (Table 2) , and poor percentage agreements between like for like identifications of asymmetry (Table 3) indicate that athletes with hop imbalances within the range reported in this study (Table 1; Figure 1) should not experience associated detriments in mod505 and 90˚ cutting performance.
CONCLUSION
Collegiate athletes display directional dominance during mod505 and 90˚ cutting performance; therefore, practitioners are encouraged to assess both directions when assessing CODS in their athletes to eliminate bias and to identify performance deficits between directions. Greater asymmetries could be interpreted as a deficiency in change of direction ability. The SLH and SLTH are indirect assessments of horizontal (forward) propulsion and force acceptance, and produce reliable measures of hop distance. Small significant differences between D and ND limbs were observed for hop performance in collegiate male athletes, but asymmetries in hop distance had no effect on CODS. Therefore, athletes with hop imbalances less than the imbalances reported in the present study should not experience detriments to COD. Furthermore, the D limb for hop performance does not necessarily correspond to faster performance from that limb during 180˚ turns and 90˚ cuts (push off limb).
